Membrane-bound cGMP-dependent protein kinase (PKG) II is a key regulator of bone growth, renin secretion, and memory formation. Despite its crucial physiological roles, little is known about its cyclic nucleotide selectivity mechanism due to a lack of structural information. Here, we find that the C-terminal cyclic nucleotide binding (CNB-B) domain of PKG II binds cGMP with higher affinity and selectivity when compared with its N-terminal CNB (CNB-A) domain. To understand the structural basis of cGMP selectivity, we solved co-crystal structures of the CNB domains with cyclic nucleotides. Our structures combined with mutagenesis demonstrate that the guanine-specific contacts at Asp-412 and Arg-415 of the ␣C-helix of CNB-B are crucial for cGMP selectivity and activation of PKG II. Structural comparison with the cGMP selective CNB domains of human PKG I and Plasmodium falciparum PKG (PfPKG) shows different contacts with the guanine moiety, revealing a unique cGMP selectivity mechanism for PKG II.
specific interactions, and a tyrosine, which provides cNT capping. These CNB-B residues are critical for cGMP binding and activation. Unlike PKG I␤, the CNB-B domain of PKG II is reported to have a higher cGMP affinity than the CNB-A (18) . However, little is known about which CNB domain provides high cGMP selectivity and drives cGMP-dependent activation. Here, we report the first co-crystal structures of PKG II CNB-A and -B bound with cGMP or cAMP. These structures reveal a new mode of cGMP selectivity unseen in human PKG I␤ and PfPKG and demonstrate the key role of CNB-B in PKG II activation.
Experimental Procedures
Protein Expression and Purification-CNB-A (residues 137-277) and CNB-B (residues 269 -418) were cloned into pNic28-Bsa4 using ligation-independent cloning and transformed into BL21 (DE3) Escherichia coli cells (19) . CNB domain mutants were cloned into the pQTEV plasmid and transformed into BL21 (DE3) E. coli cells (20) . Cells carrying the CNB expression constructs were grown at 37°C until A 600 nm reached 0.6 and induced with 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside. Cultures were grown for an additional 18 h at 18°C and harvested by centrifugation. Cells were resuspended in 25 mM potassium phosphate (pH 7.5), 150 mM sodium chloride, and 1 mM ␤-mercaptoethanol and lysed using a cell disrupter (Constant Systems, Northamptonshire, UK). The lysate was cleared by centrifugation at 35,000 ϫ g for 2 h at 4°C. Cleared lysate was passed through a 0.22-m filter. The proteins were purified by immobilized metal ion affinity chromatography using a Profinia system (Bio-Rad); proteins were eluted with resuspension buffer supplemented with 250 mM imidazole. The eluate was incubated with tobacco etch virus protease to cleave the His tag. Tobacco etch virus protease was removed using a second immobilized metal ion affinity chromatography step. Buffer exchange and aggregate removal were performed using FPLC size-exclusion chromatography on a Hi-Load 16/60 Superdex-75 column (GE Healthcare) in 25 mM Tris (pH 7.5), 150 mM sodium chloride, and 1 mM TCEP-HCl.
Crystallization, Data Collection, Phasing, Model Building, and Refinement-For the co-crystallization of the CNB-A⅐cAMP complex, cAMP powder (Sigma-Aldrich) was added to purified PKG II CNB-A, and the mixture was concentrated to reach 55 mg/ml for protein and 70 mM for cAMP using a 10-kDa cutoff Amicon Ultra. Crystals appeared in 200 mM calcium chloride, 200 mM cadmium chloride, 200 mM cobalt (II) chloride, and 20% PEG 3350 within 2 days. Diffraction experiments were performed on a Rigaku FR-E DW SuperBright, equipped with a Rigaku HTC detector and X-stream 2000. Data for all three structures were processed using either CCP4 or HKL2000, and both R merge and CC1 ⁄ 2 (the Pearson correlation coefficient) were utilized to determine resolution cutoffs (21) (22) (23) . Experimental phasing was performed using molecular replacement (MR). An initial model was built using Autobuild (24) . The final model was manually built using Coot and Check-MyMetal and refined using Phenix.Refine (25) (26) (27) To obtain crystals of the CNB-A⅐cGMP complex, cGMP powder (Sigma-Aldrich) was added to the purified PKG II CNB-A and the mixture was concentrated to reach final con-centrations of 55 mg/ml for protein and 33 mM for cGMP using a 10 kDa-cutoff Amicon Ultra (Millipore). Co-crystals of the CNB-A⅐cGMP complex were obtained using the vapor diffusion method in 200 mM sodium malonate at pH 5.0, 5-10% ethylene glycol, and 20% PEG, after 1 day incubation at 22°C. The crystals were harvested and immersed in 20% ethylene glycol, immediately before being flash-cooled in liquid nitrogen. The crystals were then diffracted at the Advanced Light Source at Berkeley, CA. MR was performed using Phenix.Phaser (28) . The structure of the CNB-A⅐cAMP complex (Protein Data Bank (PDB) ID: 5C6C) was used as a search model. Refinement and model building were performed as described above.
To crystallize PKG II CNB-B bound to cGMP, cGMP powder (Sigma-Aldrich) was added to purified PKG II CNB-B and the mixture was concentrated to reach final concentrations of 20 mg/ml for protein and 20 mM for cGMP using a 10 kDa-cutoff Amicon Ultra (Millipore). Crystals were obtained using the vapor diffusion method in 20 mM calcium chloride, 100 mM, sodium acetate (pH 4.6), and 30% 2-methyl-2,4-pentanediol at 4°C. Crystals appeared after 2 days and were diffracted at the Advanced Light Source at Berkeley, CA. MR was performed using a truncated PKG I␤ CNB-B⅐cGMP (PDB ID: 4KU7) structure as a search model using Phenix.Phaser (28) . Refinement and model building were performed as described above.
Fluorescence Polarization Assay-Fluorescence polarization (FP) was used to measure the binding affinity of 8-fluo-cNT to the CNB domain constructs. CNB domain constructs were titrated via serial dilution to measure the K D of 8-fluo-cNT in a direct binding assay. The direct binding assay was conducted in 150 mM sodium chloride, 20 mM MOPS (pH 7.0), 0.005% (v/v) Tween 20, and 1 nM 8-fluo-cNT (BioLog Life Science Institute, Bremen, Germany) in a black, flat-bottomed 384-well plate (PerkinElmer, OptiPlate). The FP signal was read for 2 s per well at an excitation wavelength of 485 nm and an emission wavelength of 535 nm, on BioTek Synergy2 equipped with a FITC optics cube. Data were analyzed and fit to a sigmoidal doseresponse curve using GraphPad Prism 5.03 (GraphPad Software, San Diego, CA) to generate K D values.
Competition experiments were performed using protein concentrations slightly lower than the K D obtained from the direct binding assay, and 8-fluo-cNT was added to a final concentration of 1 nM. cNT ligands were titrated via a serial dilution. Polarization data were measured and analyzed as described above to generate half-maximal effective concentration (EC 50 ) values.
Kinase-Glo Assay-HEK293T cells were grown to 80 -90% confluency in Dulbecco's modified Eagle's medium (Bio-Whittaker, Walkersville, MD) and transfected with FLAGtagged wild-type and mutant PKG II (residues 40 -762) constructs using Lipofectamine 2000. Cells were harvested 36 h after transfection and stored at Ϫ80°C. Cell pellets were thawed on ice and then lysed by sonication in 1ϫ TBS with protease inhibitors. Protein samples were purified by loading the lysate onto anti-FLAG-M2-agarose beads (Sigma-Aldrich), washing with TBS, and eluting with TBS containing 0.5 mg/ml 3ϫ FLAG peptide (Sigma-Aldrich). Kinase activity was determined using the Kinase-Glo Luminescent Kinase Assay (Promega, Madison, WI). Human PKG II was incubated for 2-3 h at 25°C in kinase reaction buffer containing Tris buffer, pH 7.5, 0.1 mg/ml BSA, 3 mM Glasstide (GL Biochem, Shanghai, China), 0.01 mM ATP, 10 mM MgCl 2 , and various concentrations of cGMP (3 nM-5 mM). Kinase activity for each sample was indirectly determined by correlating ATPase activity to kinase activity. Although not equivalent, it is assumed that ATPase activity can be reasonably correlated to phosphotransferase activity of PKG II in our Kinase-Glo assay. Using concentrations of 0 and 2.5 mM cGMP in kinase reaction buffer, we determined maximal ATPase activity of each purified sample without detectable basal activity under these conditions. Depending on apparent maximal ATPase activity, purified kinase was diluted until activity equal to a decrease of 300,000 -600,000 relative luminescence units was observed after 2-3 h. After incubation at room temperature, Kinase-Glo buffer was added in a 1:1 ratio with the kinase reaction. The Kinase-Glo reaction was allowed to equilibrate for 10 min prior to measuring luminescence on a BioTek Synergy2 in white, flat-bottomed, small volume 384 well microplates. ATP conversion was plotted against the logarithmic cNT concentration, and apparent activation constants (K a:cGMP , the concentration of cGMP required for half-maximal activity) were calculated from sigmoidal dose-response curves using GraphPad Prism 5.03.
In Vivo Phosphorylation Assay-COS-7 cells were transfected with pcDNA3.1-hPKGII WT-FLAG or pcDNA3.1-hPKGII D412A/R415A-FLAG together with pFLAG-mVASP using Lipofectamine 2000 (Invitrogen; Life Technologies). The medium was replaced with fresh serum-free medium 24 h after transfection. After 6 h, cells were treated with 8-Br-cGMP for 1 h, and then they were scraped in ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM sodium chloride, 0.5% Nonidet P-40, and 1 mM EDTA) supplemented with protease inhibitors (10 g/ml leupeptin and 10 g/ml aprotinin) and phosphatase inhibitor mixture (Nacalai Tesque, Kyoto, Japan). The cell lysates were centrifuged at 10,000 ϫ g for 10 min at 4°C to remove cellular debris, and the supernatants were subjected to SDS-PAGE and immunoblotted with anti-phospho-VASP (Ser-239) (Cell Signaling Technology) or anti-FLAG M2 (Sigma-Aldrich) antibodies. After incubation with secondary horseradish peroxidase-conjugated antibodies, blots were developed using SuperSignal West Pico Substrate (Thermo Scientific). The images were captured using an LAS-4000 image analyzer (Fujifilm, Tokyo, Japan). The intensity of bands was quantified using ImageJ software (National Institutes of Health). The phosphorylation rate of vasodilator-stimulated phosphoprotein (VASP) by PKG II WT-FLAG (100 M 8-Br-cGMP) was taken as 100%.
Results

CNB-B Provides High cGMP Selectivity-To determine
which CNB domain provides the high cGMP selectivity required for cGMP-specific activation, we measured EC 50 values of each isolated CNB domain for both cNTs using a FP competition assay. Our measurements showed that the CNB-A binds cGMP and cAMP with EC 50 values of 43.8 and 418 nM, respectively, showing only 10-fold preference for cGMP ( Fig.  1B) . In major contrast, the CNB-B binds cGMP and cAMP with EC 50 values of 31.4 nM and 15.6 M, respectively, showing an almost 500-fold preference for cGMP.
Structure Determination and Overall Structures of CNB-A and -B-
To understand the structural basis of cGMP selectivity in CNB-A and -B, we solved their crystal structures in the presence of cGMP or cAMP ( Fig. 1, C and D) . In all, we solved three structures. For CNB-A, we determined its structure bound to cAMP or cGMP. Crystals of CNB-B were only obtained in the presence of cGMP. All of the structures showed a typical CNB fold consisting of an N-terminal helical bundle, an eightstranded ␤-barrel, a conserved short helix-loop motif within the ␤-barrel known as the phosphate binding cassette (PBC), and a variable number of helices at the C terminus ( Fig. 1, C  and D) .
The structure of the CNB-A⅐cAMP complex was solved at 2.01 Å by MR using the structure of PKG I␤ CNB-A (PDB ID: 3OCP) as a search model. The CNB-A⅐cAMP complex was crystallized in a P2 1 2 1 2 1 space group with two molecules in the asymmetric unit. The structure of the CNB-A⅐cGMP complex was solved at 1.69 Å using the CNB-A⅐cAMP complex as a MR search model. Although the CNB-A⅐cGMP complex crystallized in the same space group as the cAMP containing complex, its asymmetric unit contained six molecules. All six molecules show clear electron density for residues 151-267, but lack electron density for residues at their termini. Each of the six molecules show the same conformation, with root mean square deviation values of less than 1 Å for at least 116 C␣ atoms.
The structure of the CNB-B⅐cGMP complex was solved at 1.94 Å, using the PKG I␤ CNB-B domain (PDB ID 4KU7) as a MR search model (4) . The asymmetric unit contained only one molecule showing clear density for residues 269 -418. CNB-A and -B have the same overall fold, but residues corresponding to the ␣C-helix of CNB-A were unstructured. Statistics for crystallographic data and structural refinement for all three structures are summarized in Table 1 .
The ␣C-helix of CNB-B Provides Isoform-specific Contacts-Although the overall structure of the PKG II CNB-B⅐cGMP complex is similar to PKG I␤ CNB-B, the structures of the C-terminal region and specific amino acid contacts with guanine are different ( Fig. 2) (4, 29) . As in PKG I␤ CNB-B, the cGMP pocket can be divided into four sites ( Fig. 2A) . The interactions with cGMP at the first three sites are similar between the two isoforms. However, Site 4 shows several PKG II-specific contacts.
The first site is shared with other CNB domains (3, 4, 17, 29) . It includes Glu-357 and Arg-366, which capture the sugar phosphate moiety through hydrogen bonds. At the second site, a highly conserved serine, Ser-367, substitutes for a threonine (Thr-307) of PKG I␤ and provides cGMP-specific interactions by linking the axial oxygen of the cyclic phosphate to the N2 of guanine through hydrogen bonds. The backbone carbonyl of Val-365 additionally interacts with the axial oxygen of cGMP via an ordered water molecule. A water molecule is not seen in Site 2 of the PKG I␤ CNB-B⅐cGMP complex, because the methyl group of Thr-307 occupies this position (Fig. 2, A and  B) . At Site 3, Lys-347 is analogous to Arg-297 of PKG I␤, which functions as a "cAMP filter" by promoting cGMP binding (Fig. 2C) . Similarly to Arg-297 of PKG I␤, Lys-347 hydrogen-bonds with cGMP at N7, and in concert with Asp-411, a water molecule is coordinated to hydrogen-bond with the O6 position of cGMP. The side chain of Lys-347 also interacts with the guanine moiety through van der Waals contact ( Fig. 2A) .
Due to the large structural differences at the ␣C-helix of PKG II, cGMP interactions at Site 4 are distinct from those observed in PKG I and can be described in two parts: 1) charged contacts that recognize guanine through hydrogen bonds, and 2) hydrophobic contacts that shield cGMP from solvent ( Fig. 2A) . The charged contacts at Site 4 are located at the last turn of the ␣C-helix and include Asp-412 and Arg-415, which make direct contacts with guanine. Specifically, the carboxylate group of Asp-412 forms hydrogen bonds with both the N2 and the unprotonated N1 amine, whereas the guanidinium group of Arg-415 interacts with the C-6 carbonyl group of guanine through a hydrogen bond. Additionally, Asp-412 and Arg-415 interact with each other and with Gln-335 at the ␤4-␤5 loop through hydrogen bonds. Thus, together these residues form an extended hydrogen-bonding network, which positions the side chains of Asp-412 and Arg-415 for binding cGMP.
The amino acids that form hydrophobic contacts at Site 4 are located mainly at the PBC and the ␣C-helix. They include Lys-358, Leu-408, and Asn-409, and shield one side of cGMP from solvent ( Fig. 2A) . In particular, Lys-358 at the PBC forms a hydrogen bond with Asn-409 at the ␣C-helix. This positions the side chain of Lys-358 close to cGMP, so that its hydrophobic arm shields the sugar phosphate. Additionally, the side chain of Leu-408 forms a capping interaction with the guanine ring, sandwiching it against two hydrophobic residues (Val-333 and Ile-346) at the base of the cGMP pocket ( Fig. 2A) . Despite little primary sequence similarity at this region, PKG II Leu-408 structurally aligns with PKG I␤ Tyr-351 and serves as a capping residue (Fig. 3 ). In addition, due to the unique set of ␣C-helix contacts in PKG II CNB-B, the cGMP binding pocket is more shielded from solvent when compared with PKG I␤ CNB-B (Fig. 3) .
CNB-A Shows an Open Pocket with Few Guanine-specific Contacts-Both of our PKG II CNB-A structures show "open"
cyclic nucleotide binding pockets, which lack the C-terminal helix and Site 4 contacts seen in CNB-B (Fig. 4A ). The C-terminal helix of CNB-A lacks the sequence/structural requirements to form a lid portion of the "hinge and lid," structural features often found in CNBs (see Rehman et al. (1) ). Indeed, the ␣C-helix of PKG II CNB-A is not ordered in either cGMP-bound or cAMP-bound structures as observed in type I PKG (17) . Therefore, CNB-A lacks a shielded pocket or the large number of cGMP-specific contacts that we see in CNB-B.
The CNB-A⅐cGMP complex shows similar contacts with cGMP as the CNB-B⅐cGMP complex at the first three interaction sites (Fig. 4B ). Charged residues Glu-233 and Arg-242, at the PBC, bind the sugar phosphate of cGMP, and Thr-243 at the PBC and Leu-222/Ser-223 at the ␤5 stand interact with the guanine moiety. In particular, Thr-243 plays an analogous role to Ser-367 of CNB-B and similarly interacts with cGMP in the syn conformation (Fig. 5 ). The side chains of Leu-222/Ser-223 of CNB-A, analogous to Ile-346/Lys-347 of CNB-B, provide similar van der Waals contacts.
The structure of the PKG II CNB-A⅐cAMP complex shows the same open pocket with cAMP bound in an anti conformation ( Figs. 1C and 4) . The pocket interacts with cAMP using the same residues in a manner similar to the CNB-A⅐cGMP complex, except for the interaction with Thr-242. Due to the missing N2 group in cAMP, Thr-242 only interacts with the cyclic phosphate ( Fig. 4B) .
Mutating Key cGMP Contacts Reduces cGMP Selectivity and Kinase Activation-Next, we tested the roles of the newly identified CNB-B contacts in cGMP binding. Because they appeared to provide the majority of cGMP-specific interactions, we individually mutated Gln-335, Asp-411, Asp-412, and Arg-415 to alanine ( Fig. 2A ). Wild-type and mutant CNB-B domains were purified, and their affinities for cGMP and cAMP were measured using an FP competition assay ( Table 2 ). We found that mutating any of these residues increases the EC 50 value for cGMP, while leaving EC 50 values for cAMP relatively unchanged. Notably, mutating Asp-412 or Arg-415 increases the EC50 for cGMP from 31 nM to as much as 1.1 M without significantly changing it values for cAMP (from 15 to 25 M). However, mutating Gln-335 and Asp-411 showed modest increases in its EC 50 value for cGMP (2.9-and 8.5-fold, respectively), while slightly increasing the EC 50 for cAMP (1.7-and 1.6-fold, respectively).
Because D412A and R415A dramatically reduced the CNB-B domain's affinity for cGMP, we generated these mutations in full-length PKG II and measured the resulting effects on kinase activation (Fig. 6, A and B) . Consistent with the dramatic increases seen in their EC 50 values for cGMP, the D412A and R415A mutants showed a large increase in their activation constants (1.6 and 3.0 M, respectively).
Finally, we investigated the role of Asp-412 and Arg-415 in PKG II activation by performing an in vivo kinase assay using VASP as a substrate (Fig. 6, C and D) . We co-expressed human WT or D412A/R415A mutant PKG II with VASP and monitored the phosphorylation in response to increasing levels of 8-bromo-cGMP (8-Br-cGMP). Although WT PKG II maximally phosphorylated VASP Ser-239 at 30 M 8-Br-cGMP, the D412A/R415A mutant showed less than 40% of maximal VASP phosphorylation even at 100 M 8-Br-cGMP. These results are consistent with our in vitro cGMP binding and kinase activation measurements, demonstrating the crucial role of these contacts for PKG II activation in mammalian cells.
Discussion
Although understanding the cNT selectivity of PKG II is crucial for understanding its activation mechanism, little information has been available about its binding affinities for either cGMP or cAMP. We resolved this by measuring cNT binding affinity in isolated CNB domains. We found CNB-B to be the higher affinity cGMP binding site and to have almost 500-fold selectivity for cGMP over cAMP. CNB-A was found to have a slightly lower affinity for cGMP than CNB-B and showed significantly less cGMP selectivity with a 10-fold preference.
Our affinity data are semi-consistent with a previous study examining PKG II cNT affinity (18) . In that study, key cGMP interacting residues in CNB-A and -B were predicted based on the structures of other CNB domains. These residues were then mutated to disable cNT binding to each pocket in full-length PKG II, and cGMP dissociation rates were measured. Using these mutants, they found that CNB-B has a slower dissociation rate (t1 ⁄ 2 ϭ 4.0 s) when compared with CNB-A (t1 ⁄ 2 ϭ 0.18 s), which suggested that CNB-B is the higher affinity site. Although our finding, that CNB-B has a higher affinity than CNB-A, is consistent with these results, we only observed a marginal difference between the EC 50 values for cGMP. This finding does not fit with the large difference in the dissociation rates seen in the previous study. The discrepancy can be explained by differences in cGMP association rates of the CNBs, as affinity is a function of association and disassociation. In addition, the previous study proposed a model that binding to one CNB would affect cGMP binding to the other, suggesting allosteric communication between the two binding pockets (18) . This effect would have been lost in our isolated domains.
Our PKG II CNB structures reveal specific amino acid contacts that explain their differences in cGMP selectivity. The overall structures of CNB-A and -B are similar, but only in CNB-B does the ␣C-helix make contact with and shield the cGMP pocket. Although the CNB-A protein used for crystallization contained residues that can form the ␣C helix, these residues were disordered in the crystal, suggesting that they do not provide stable contacts for cGMP. In contrast, residues in the CNB-B ␣C-helix specifically interact with the guanine moiety through hydrogen bonds (Asp-412 or Arg-415 at Site 4). Mutating these residues to alanine reduces the affinity of CNB-B for cGMP, without significantly affecting its cAMP affinity. These results demonstrate the critical role of these residues in cGMP binding and selectivity. In addition, kinase assays using full-length PKG II show that these mutations dramatically increased activation constant for cGMP (K a:cGMP ), demonstrating their critical role in kinase activation.
Structural comparison between cGMP selective human PKG I␤ and PfPKG CNB domains suggests a distinct cGMP selectivity mechanism for PKG II CNB-B (3, 4) . Crystal structures combined with mutational analysis of the carboxyl CNB domains of PKG I␤ (CNB-B) and PfPKG (PfCNB-D) demonstrate that two structural features are required for achieving high cGMP selectivity. First, they both have a conserved arginine at ␤5 that forms hydrogen bonds with the guanine moiety and has been shown to reduce cAMP binding in PKG I␤. The second feature is a hydrophobic cap that interacts with one side of the bound cGMP and shields it from solvent. In PKG I␤ CNB-B, a single aromatic residue at a C-terminal loop provides this capping interaction. PfCNB-D shows a set of charged residues from the PBC and the C-terminal helix interacting through hydrogen bonds, which together provide the capping interaction ( Fig. 7) . In PKG II, the ␣C helix provides two charged residues, which recognize the guanine moiety through hydrogen bonds. Due to the C-terminal helix that shields the entire cGMP pocket, the structure of PKG II CNB-B is more similar to that of PfPKG. PKG II CNB-B lacks the cGMP interacting arginine at ␤5, but it possesses Lys-347 at this position. Another distinct feature in PKG II's CNB-B is its capping interaction with cGMP, which shows characteristics of both PKG I␤ and PfPKG. Leu-408 at the ␣C-helix structurally aligns with Tyr-351 in PKG I␤ and provides a similar hydrophobic capping interaction with cGMP. PKG II Lys-358 (at the PBC) and Asn-409 (at the ␣C helix) structurally align with PfPKG Arg-484 (at the PBC) and Asp-533 (at the ␣C helix). They form similar hydrogen bonds, which shield the sugar phosphate of cGMP ( Fig. 7) .
Our structures may explain previously reported cGMP analog specificity for the PKG isoforms and suggest that the CNB-B domains provide this specificity (30) . Studies on the activation of PKG I and II isoforms by cGMP analogs showed that 8-substituted cGMP analogs differentially activate PKG isoforms. PKG II is significantly more sensitive to 8-pCPT-cGMP than cGMP (activation constants (K a ) showing 3.5-80 nM versus 800 nM) and is poorly activated by PET-cGMP (K a of 4.7 M). This trend is reversed in PKG I␣, where PET-cGMP is more potent than cGMP (16 -26 nM versus 110 nM) and 8-pCPT-cGMP activates PKG I at a similar concentration as cGMP (50 nM). Structural comparison of all four CNB domains of PKG I and II suggests that the CNB-B domains are responsible for the observed analog specificity because of the structural differences at the C-terminal region. In particular, PKG II CNB-B has an additional hydrophobic pocket near the C8 position of cGMP (consisting of Lys-347, Tyr-354, Leu-349, Tyr-404, Glu-357, Phe-355, and Leu-408), which can provide van der Waals contacts and accommodate modifications at the C8 position, such as 8-pCPT. In contrast, the more open pocket of PKG I CNB-B lacks these interactions, which may explain PKG I's lower affinity for this and other 8-position analogs (31) . Lastly, PET-cGMP is a less potent activator of PKG II because of the derivatization of the purine ring of cGMP into 1,N 2 -ethenoguanosine. This prevents the favorable hydrogen bonding between Asp-412 and the N1 and C2 positions of cGMP and may reduce the binding affinity (32) .
The work presented here, combined with previous work by our lab, offers a path to structure-based design of isoform-specific PKG agonists (3, 4, 17) . These agonists have the potential to be new chemical tools that may contribute to generating new FIGURE 6. CNB-B recognition of cGMP is critical to kinase activation. A, key cGMP contact residues, whose role in kinase activation was tested. B, activation curves are shown. K a:cGMP values were measured using the Kinase-Glo assay, performed at least in triplicate with S.E. shown. C, in vivo kinase assay using VASP as a substrate. COS-7 cells were transfected with PKG II WT-FLAG or PKG II D412A/R415A-FLAG together with FLAG-VASP. After 6 h, cells were treated with the indicated concentrations of 8-Br-cGMP for 1 h. D, Western blots (IB) with anti-phospho-VASP (Ser-239) or anti-FLAG M2 antibodies illustrate the effect of the mutations on VASP phosphorylation. Statistical significances were determined by Student's t test. *, p Ͻ 0.05; **, p Ͻ 0.01. . c This value is for 8-Fluo-cAMP rather than for 8-Fluo-cGMP.
